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Tide! ITses nf Ontfrjil Prmection Tomogra p hy Mftthnds and ATTOaratUS 

lUe present inventioji rdates to uses of qptiwl projecdon tomogcaphy methosSs and 

Meflujds and ajrpafatus for optical projection tomography ai^ described in pcDdiag 
Intermtional Patent Application PCr/GEQ2/02373 and United Kingdom Patent 
AppUcationB 0214846.8. 0220137.2 and 0220156-4. The foil text of tbfi patent 
applications and the references cited theafiitt ate hereby incoiporated by reference. 

» 

According to tixe present invention, there is provided a method of performing any one 
or more of the analyses or procedures listed hereunder comprising use of a mediod or 
apparaius of any of the aspects set out below, and as in the earlier patent applications. 

There is also provided use of a method or apparatus as described in any of the aspects 
as set oat below in any one or more of die analyses or procedures listed hereunder. 

According to die preseiot invention, the analyses and procedures of the present invention 



Analysis of die structure of biological dssaes. 
Analysis of the functioxi of biological tissues. 
Analysis of the shapes of biological tissues. 
Analysis of the distribuiioa of cell types within biological tissues. 
Analysis of the distribution of gene activity wifliin biological tissues 
including the distribution of: 
• RNA transcripts 
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-proteios 

Analysis of it^ distribmion of transgenic gene activity within biological tissues. 
Analysis of ibe distribution of cell acdvici^ witliin biological ds^es, 
induding: 

- Cell cycle stabs including arrest 

- Cell death 

Cell proliferadon 

- Cell migration 

Analysis of the distribution of physiological states witfiin Wological tissues. 
Analysis of the results of iimnunohistocheimstty staining tedmiques. 
Analysis of the results of inrsitn hybiidisadou staining techniques. 
Analysis of die distribution of molecular markers wifhin biological tissues^ 
incliidii^ any coloured or ligfat-absoxbing substances, such as: 

5,S'-dibtomo-4,4'-dichloFO-indigo (or other halogenatcd indigo compounds) 

fonna^an 

or other coloured precipitates generated through die catalydc activity of enzymes 
iocluding: b-galactosidase, aUcalme phosphatase or other coloured precipitates fcamed 
upon catalytio conversion of staining substrates, 

mcluding; Fast Red, Vector Red 

And including any light-emittoig substances. 

Therefore including any fhiorescenc substances, 

such as: Alexa dyes, FITC> rhodatnine. 

And including any lununescent substances, 

such as green fluorescent protein <GFP) or similar proteins, 

And including any phosphorescent substances. 

■ 

Analysis of tissues from all plant species. 
Analysis of any tissue for agricultural research, 
including: 
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l>asic research into aU aspects Of plant biology (geaetics, dfivelopment, 
physiology, palfaolpgy eDC.) 

analysis of tissues which have been genetically altered . 

Analysis of tissues firom all aoimal species. 

iacbjbiiag: 

invercebrates 

nematode worms 
VCTtebrates 

all types of fish (including teleoste, such as zebrafish, and chondrycthes 
including sharks) 

amphibians (inctudmg the gerais Xenopas and axolotls} 
reptiles 

birds (including chickens and quails) 

an mammals (including aU xodeate. dogs, cais and all primates, including 

M 

human) 

Analysis of embryonic tissues for any purpose, 

iddudhig: 

research into any stem cell population 
cesearch hno developmental biology 

research into the causes of abnormal embryo developraeut, including human 
syndromes 

autopsies of human terminated pregnancies (both spontaneous and induced 
tenninations) 

Analysis of any tissues for the purpose of g^aiomics research, 
including: 

the analysis of any tissues for the purpose of genomics research, 
including: 



■ * 
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the analysis of transgenic, kEOCk-in, knock-down or knock-out organisms 
the analysis or discovery of the expression (or activity) of genes 
including their spatial distribution, and their levels of expression 
the analysis of discovery of abnonnaliti^ in the stmctore or moiphcdogy 
of tissue, as a resulic of interference due to wilful ^eiimentation (such 
as genetic or physical modifications including a chemical or biocfaemicai 
genomics approach), and/or spontaneous abnormaiiti^ (such as 
naturally-occurrhig mutacions) 

Analysis of aqy tissue for die purpose of neurobiology research, 
including; 

the analysis of the morphology of nerves • 

the analysis of die pathways and conneclivhy of nerves 

the analysis of parts of> or whc^e, animal brains 

Analysis of My tissue for pharmaceutical research, 
including: 

the analysis of pharmaceutical substances (such as drugs, molecules^ proteins, 
antibodies), 

including their spatial distribution within the tis^e, and dieir concentrations 
the analysis or discovery of abnormalities in the structure or morphology of 
tissues. 

Analysis of tissues for medical research, 
including: 

research into the genetics, dev^opment, physiology* structure and function of 
animal tissues 

analysis, of diseased tissue to fiirther oibt imdersiandiAg of all lypes of diseases 
inchidin^: 
congenital diseases 
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acqoiicd disease 
iiu^luding: 
iziiectiotts 
nfioplastic 
; vascular 
inflammatory 
txaumaoc 
metaboiic 
endocrine 

degenerative 
drug-related 
iatrogenic or 
idiopathic diseases 

Analysis of tissues for medical diagnosis, treatment or monitorixig, 
incltidmg: 

the diagnosis of cancer patients 

including: 

searching for cancerous c^ls and tissues witbiu biopsies 
searchii^ for abnormal structure or morphology of tissues within 
biopsies 

the analysis of all biopsies 
including die analysis of; 

lymph nodes 

polyps 

liver bicpsies 
kidney biopsies 
prostate biopsies 

muscte biopsies 
brain tissue 
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the analysis of tissue removed in the process of extracting a timow from a 



patieat 



tncludizlg: 

detennming v4ieli«?r all the mmour has been removed 
d^rmining the type of tumour, and the type of cancer, 



1 



According to the ptesesxt invKiaon, samples «jr use m t.i«««. may Ue 

prepai«<J M described in the eailier patent appUcations and/or employing coaventional 
pathological and. histological tedmiques and jwocedures well known to persons skilled 
mtheart. 



For example, in-sim ftyDridisatioa (jparticularly usefbl for detecting RNA8);HHmmond 
K L, Hanson I M, Brown A G, Letdce L A, Hill R E "Mammalian and Drosophfla 
dachsund genes are related to flie Ski proto-oncongene and are ejq>ie5sed in eye and 
limib*. Mech Dev. 1998 Jii»;74<l-2): 121-31. 

InnnunoMstochfimisiry <particiilarly use&l for detecting protdns and other naolecules): 
StBipe J, Ahlgren U, Peny P, HiU B. Ross A, Heciksher-Soreosen J, Baldocfc R, 
Davidsoji D. -Qpdcal projection tomogfaphy as a tool for 3D microscopy and gene 
expression studies" Science. 200!i Apr 19;296(5567):541-5. 

It wiU be appreciated that modiflcatkm may be made to tHe invention without dq^arting 
ficom the scope of the invention. 

In accordance with an aspect of the present invention, there is provided a rotary stage 
for use in nnagfaig a specimen ftom a ptarality of directions, the rotary stage 
comprising specimen support means including a r oiatable member operative to rotate a 
specimen to be imaged about a vertical or substantially vertical axis of rotation 
transverse to sn optical axis along which Ught is emitted from die specimen, whetein 
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the specanea support means is disposed above a stalioiuiiy imagiiig chamber for 
receiving the speam&i immersed in optical imaging fluid wiiliin flie chamber. 



The toiary stage may be used witb a separate microscope and associated hardware and 
software ttiat allowa three dimeorional imaging of a specimen, such as a biological 
tissue. By having a specimen support means spaced from Uie microscope, the 
posiitomng of the spcdmcn can be easily ai^usted. due to improved accessibiJity of the 

. specimen holder, Wifli an elongate specimen, tixe longest axis of &e specimen is 
substantially paraUel to giaviiy when held wifliin the specimen support means. This 
aUows the specimen to be held at one point only, agahi assisting with location of the 
specimen within the specimen support means, and avoids deflection of the specimen 

. through giavitational efffects. as sugH deilectiott can cause unwanted distortion of the 
specimen siiape and affect the accuracy and resolution of the image obtained. 

fiy having a stationary chamber separated fl»m the rotational part of tiw stage, the 
chamber shape is not limited to a rotationaOy symmetric shape. Preferably (he chamber 
has at Irast one planar fece on which light inipinges to iniage the specimen. Useofa 
flat planar face >a?ith no imperfecdons or undulations ensures that imag* diaiortiott due 
to refraction of light Is reduced. The chamber may be fonned as a transparent hoUow 
cuboid and arranged such that two opposing sides of the cuboid are subsiantiaUy 
perpcDdicular to the qptical axis along which light is emitted from flie spedmexi so that 
a large cross-seciional area is presented to the t?>tical axis.. The selection of such a 
chamber with a square ciross-section ensures that the amount of light refracted before 
passing through the specimen is substantially reduced over prior art cylindricaJ rotaihig 
chambers and liius image quality is improved. One waU or feoe of the chamber may be 
J „^ ♦-^ «.<vo/.* Hcrht in a dfxited wav. ibr cxanmle lo provide a magnifying 
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The loiaiy stage may fintber comprise a pivotally monnced adjustment means, socU as a 
tever, toving a spigot exceniiing therefrom, the spigot being arranged inuse so as to 
ei^ge wifli a spectmen to alter its position relative to.flie axis of rotation. 

The lotaiy ^age may fiirttier comprise a prism positioned so as to receive light after the 
latter has momina^ flia specimen, tibe prism acting to dieflcct light flirough 90° to 
enable tbs Ught to oe receivea oy a nuctDscope ^wi « vc^iucat wyuw<u. — -j, - 
prism. Hie optical paib to tlie microscope does not need to be straight, and thus 
mediation of ffiiisting mioroscqpes is not needed for use wi* a rotary stage in 



accordance widi dus present invenbon. 

Hie rotatahle member of flie specimea support meajM may be carried oji an adjustable 
platform^ Ihe position of which reladve to the hfflizonial is variable, TWs allows the 
axis of rotadon to be adjusted relative to an optical axis so diat if required a 90** angle 
is set between the optical axis and the axis of rotation, Ihis is particularly useful for 
three dfanensinnal imaging. 

The adjustable platform is prefraably vertically adjustable so as to raise and lower the 
rotatmg member relative to the optical axis, so allowing a specimen to be lowered hxto 
or out of an optical path of light. 



Preferably die lotatable member is formed to pnable die specunen to be hung, 
suspended or to downwardly depend from the lower end of the rotatable xnember. 
Where a specimen is appropriately prepared with a paagnetisable metal mount, 
attachment of die specimen to the specimm support means is then straightfiMward, just 
relying on magtiedc attraction and not on a delicate lixing- This is of advantage as 
typically the specimens are rather small and delicate, usually wlrh a diameter in the 
range l-20mm, and securing them in a holder usmg a screw thread can be complicated. 



r. 
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In acawtence with anotSifir aspect of tiie pr«ent inv®tion, fixero is provided a method 
of obtaimng an image of a specijwn, die mefeod comprising rotating 1^ specinaen 
about a vertical or snbstantially ver lical axis of rotation transvase to an optical axis 
along which Mght is emitted from the specimen, wherein the rotattag specimen is 
immersed in flud within a scadonary optical chamber* 



an nnage of a ^ecimen by optical projection tomography, ihe apparatus con5>risiRg 
light-scanning means and a rotaty stage for rotating the specnn^ co indexed positiDn3 
in each of which the specimen is in use subjected to a scanning movement of incident 
light by die scanning means. 

The incident light may be scanned in a direction p^3)endicular to an opdcal axis defined 
by the light passing through the apparatus* 

The light scanning means may form part of a confocal scanning mfcroscope. 



Accoading to a yet furtha: aspect of the invention diere is provided a method of 
obtaining an image of a specimen by optical projection tomograpy, the method 
comprismg scamiing the specimen wiflbi a light beam and detecting light emanatmg from 
tibe Specimen to derive the image. 



0 



Preferably, the detector detects light which is xmscatteted. 

The incident light is preferably scanned in a raster pattern, one complete scan being 
undertaken at each indexed position of the specimen. 



According to another aspect of the invention apparatus for dbtaixiing an inmge of a 
specimen by optical projection tomography comprises light scanning means, a rotary 
stage for rotating the specunen to be imaged, an optical system and light detector 
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means, whereia li^ ftonx flie scanning means scans flie specimen and the optical 
system is operafive, tfaroughmit the scamik^ movement of the liglit. to direct onto tbe 
detector means only light which is unscattered and unteftacted as a result of passing 
tbrou^ the q)ecimen. 

The optical ^stem i6 preferably a convex leas whidi causes convergence of inddent 

light tWt OireClS onto mc aCCCCWr XUCtUiS «u» uuawotn^AW ~— — o — I 



light emergmg from a specimen in a direction patallel to the central optical ass oi me 
apparatus. A concave mirror or difEraction grating could he used instead of the convex 



lens. 



In a preferred embodimient» the light scanning means form part of a confocal scanning 
microscope and the rotary stage (corresponding to the rotary stage disclos*5d in tbe 
applicant's co-pendtog International Patent Application No. PCT/GB02/02373) includes 
a stationary chamber within which die specunm suspended. 

The light detector means may be a localised detector positioned on the optical a»s of 
ti» aH>aiams. so as to receive only tise unscattered and unreftacted light, as pievioudy 
' described. 

However^ the light detectpr means may be a one-dimei»ional, i.e. IMear. array. In diis 
case, a central detector of the anay constitutes Oie light detector means and tiie 
detectors on either side of the cemral detector constitute auxiliary detectors which 
detect scattered and/or refracted light. The intensities of light recced by the auxiliaiy 
dctectots can be used to provide infonnation on the refractive characteristics of the 



^pecmien. 



This approach can be extended to provide a two-dimffliwional array of detectors, with a 
central detector consiimting the light detector means and the surrounding detectors 
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cansdtuting auxiliaiy detectors which drtect scattered and/or refcac^ light in the 
additional planes. 

According to yet aniolhef aspect of the mveotion there U provided an optical system for 
use hi appaiaus fCK oihtainhig an im^ in optical projection tomography, the optical 
system recciviag light from a specunen scanned by a light beam and being operative to 
direct onto a localised legion omy light whidi is BascattBSsd asKS uiussfesctsd as a result 
of passing llirou^ the specimen. 

According to a yei flirflier aspect of the inveoiion tlxere is provided a method of 
obtaining an image of a ^lecimen in optical projection tomograpliy, the meOiod 
comprising nroving A iighi beam across thp specimen with a scanning motion, passing 
tJie light emanating from the spechnen ttuoa^ an optical system, and directing th^ light 
from the optical system onto a detector wMch detects flie light from d>e optical system, 
wherdu the optical system is operative, fliroughout the scanning movement of the light, 
to direct onto the detector only light which is urocattered and unrefracted as a result of 
passing through the specim^ . 

According to another aspect of the invention thete is provided apparatus for treating 
tissue spechnens by immersion in a liquid, the apparatus con^rising a first structure 
providing a dxamber for holding the liquid* and a second structure including holding 
means for releasa*ly holding, the spechnens, the first and second structures being 
relatively moveable in a direction having a vertical compoijent between a first position 
in whidi die holdii^ means are relatively dose to die chambw and in which the second 
strnc^re closes flie top of the chamber to enable the spechnens to be immersed in the 
liquid whilst the latter is protected from die envhonment* and a second postticm in 
which the holding means are relatively disiani from the chamber to enable the 
specimens to be loaxied onto or unloaded from the holding means- 



I 
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Pr^arably, ae first sttwUne is stadonaiy and ttie second structure is sWftaWe 
vertically with lespeui to the firsi stnicbue. 

The holding means wy include magnets to enable spetdmens, eadi provided wiih a 
racial mount, to be detachab^y rdaiaed on tbe second structure by magnetic attraction. 



The chamber is pretoabflr in w» ronn of ao annniar uOiigv in which csss dss hokis^ 
means m&y bold the specimens so thai the latter d^^end fiom the holcUng means, 
convaiienily at angularly q>aced positions aromid a circle such ^Baat the specimens are 
lowered into the trought as the second stniccuxe is lowered to its Srst pbsidbn. In tius 
case, the second structure preferably iudtudes a lid which acts to close the chamber in 
ihe first position and the underside of which carries the holding means. Lid closure 
helps to prevent evaporation of volatile treatment liquids. 

The second structure may be rotatably moveable arotmd a central vertical axis, mabling 
^imens to be loaded onto and unloaded ftom the second structure at a chosen 
position alongside fbe apparatus, ciflier by a robotic arm or a human hand. 



• The apparatus may have the feoility to change the hquid when in the first position, 
^bling the spedmens to be. tteaied by differem liquids in a succession of treauuMi 
stages, whilst retaining die chamber closed. For example, the apparatus naay have a 
pump to fill and empty the chamber with a succession of clios^ Bqnids widch, in die 
case of tissue specunens, may act to wash or otherwise treat the specimens prior to the 
specimens being imaged by means of optical projection tomography. 

According to yet atiother aspect of the invention diere is provided a method of trcatii® 
tissue specmiens by hnmersion in a liquid in a chamber, the mefliod comprising loading 
the specimens onto a holder so diat the specimens d^end from the holder and are 
disposed above the liquid in the chamber, effecting relative movement between die 
chamber and the specimens in one direction to cause immersion of the specimens in the 
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liquid whilst maintaining th© chamber dosed and protected ironi the eBYBronmeiH 
duruDg immMsion, effecting relative moveroeEfl: baween the diamber and die sparimeas 
ia the c^osite direction «> bring die speramens out of the liquid, and unloading die 
treated specnn^is frcnn the holdw. 



The specimeis may be iieated by different liquids in a plwraMiy of treatment stages 
which are preferably caniw out by succe^iva ^s^tyiag assu Saing of ihs chanibsr with 
tfifi diffeient liquids, whilst the specimens remain in the dhamber and whilst the 
chanibeir temams closed and protected from the eavironment. 



Brief DfiSClj iptfftii nf Drawings 

The invention will now be ascribed, by of ^cample, wifli refoence to the 

accompanying drawings in which: 

• ■ « ■ 

F^ures 1 to 18 relate to. an aspect of die invei^on ia which.: 



Figure 1 is a perspective view of optical imaging apparatus compnsing a rotairy 
stage in accordance with die present inv^tion togeftier with a microscope; 

Figure 2 shows a schematic illustration of how such imagiiig apparatus is 
controlled wben acquiring digital images; 

% 

Figure 3 shows a fiont perspective view of the ^paratus; 

Figure 4(a) and 4(b) ate sdiematic diagrams used to illustrate the most 
appropriate working configuration of the apparatus; 

Figures 5(a>, S(b), S(c) aaid 5(d) iUnstrate attachment of a specunea to die 
spedmen support means and alignmeait of a region of imerest; 
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figures 6(a), 60*) and 6(c) are scbsnatic diagrams used to explain resolutioa of 
the s^paiatiis; 

Kgures 7(a) shows a cross^ection tbnjufih a prior an specimen containiflg mbe, 
wiiii Figures 7Cd) aad 7(o) lowing two ^imea chambers as u«cd in the 
pr^ent invealioiu 

Figures 8(a) and 80t>) show a partial plan view along line vnl-Vin of Figure 1 . 
iUustraaog use of a pivotaUy muanied leva: to adjust specimen posifibn; 

Figure $ is a perspective view of modiBed optical imaging apparatus according 
to the invmiioii, 

E^ure 10 is a diagram iUustcating ttte sppaiatus of Fi^e 9» 

Figures 11a, lib, 11c, 12a. 12b, 13a, t3b and 14 illustrate positioniag and 
Viewing of flie specimen image in tihe apparatus of Figure 9» 

I^ar«S 15 and 16 illustrate a collimaied illurmnation means whicli may be wed 
in liie apparatua of Figure 1 or Figure 9, 

Figure 17 indicates a way of selecdng wavelengdi ftom a light source in die 
optical stage of Figure 1 or Figure 9« 

Fignre 18 illustrates a modification of the apparams shown in Figure 16, 
Fi^es 19 to 30 relate to a fiirtlier aspect of the iavention in which: 



figure 19 is a <li?Lgrani of the apparatus, 
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Figiires 20a md 20b Show how me inic^ of die ajpparatus can be 

arranged to have low numerical apertare or high nnmerical aperture. 



Elgure 21 diows known image-forming optics. 



Elgnrcs 22 and 23 show the unage-forming optics of an opui;m ay5>w^ Cx 
inventive apparahis, 

BSgures 24a, 24b, 24e.and 24d show rqiresentative Hght paths fox the optical 
system of the inventive ^p^params, 

Figures 2Sa, 2Sb and .25c illustrate how different degrees of refraction affect 
operation of the optical ayscem. 

Figure 26 illusttaies how refraction is measured using a one-dimensional array 
ofdetectors» 

figures 27 to 30 aiusttate» in ifauee dimensions, the operation of the optical 

Figares 31 to 37 relate to a fiirllier aspect of the invention in whidi: 

Figure 31 is an isometric view of apparatus according to the invention and in an 
oipea coxidiilon. 

Figure 32 19 an isonwtric view of the apparatus in a closed condittoii. 

Figure 33 is a fiagmentery view, to an enlarged scale, of pan of tiie apparatus 
man open condition, showing specimens held the apparatus. 
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figure 34 is a cross-sectional view of the apparatus^ 

figure 35 shows the ^pjjaratus in combiiiatibii with a robotic arm, 

figure 36 is an enlarged view of part of Figure 35. and 

figure 37 shows the robotic arm posltionine a specimen onto flie rotary stage Qf 
an OPT scanner* 

Deiailed Descrytiofi 

Figure 1 shows optical imaging apparatus in the fbrm of an OPT scanner wmprisii^ a 
rotary stage 10 and a long woridx^-dlstance or dissecting microscope 12, separate ftom 
the rotary stage 10, The roiaiy stage 10 has a support 14, a prvoteUy mounted lever 
16, an iris and optical diflfuser 20, aM a quartz prism 22. The support 14, his and 
diffuser 20* and prism 22 are fixed to a base 24 of the stage 10, as is holder 25 for 
receiving a franspaient diamber 26, or cuvette, of a generally cuboid shape. The 
cuvette 26 contains a fluid with suitable optical properties for hnaging a spechnen 28 
suspended wiflun the cuvette, an appropriate fluid being a mixture of benzyl alcohol 
and benzyl benzoate. This apparatus can be used for brightfield, darkfield and 
fluorescence hnaghig but is particularly appropriate where a three dimensional (3D) 
image of the specimen is created ftom a series of images taken at different apgles, and 
for specimens too large to be imaged by canfocai microscopy. 

Light passes along optical axis 29> passrag through the centre of (he iris and diffuse 
20, and through the specimen 28 and is deflected flurough right angles by the prism 22 
to enter an objective 30 of the microscope 12. As the microscope has a large workmg 
distance, enough space is available for the prism 22 to rest beneadi the xuicroscope 
objective 30. Using a prism allows a verticaUy orienied microscope to image the 
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specimfflL However the prism 22 can be omitted where the microscope objective is 
parallel lo *e apdcal axis. Tbe iris amd dififuser 20 control lie amouni of light passing 
fiom a light sawcc (not shown) to reach flie specimen 28 and provide even 
UlnminatKin. 

The support 14 carries a circular boss on whidi is pivotaOy momned, about an axis 90 
CFigare 4). a tilting plate 33 i^n which is siidable, o^iwsrds and downwards* a plate 
32. The plate 32 carries an adjustable platform 34 cantilevered toiizonlally from ttie 
plate 32. Hie angle of the platform 34 can be altered relative to flie horizontal using a 
tilt adjuster 36 and the vertical position of flie platform 34 can be varied by means of a 
vertical adjuster 40- A stepper motor 42 is mounted on die platform 34, with a 
rotatable motor diaft 44 of die motor ^cteoding throni^i the platfiwm 34. A magnet 46 
(a permanent magnet or an electro-magnet) is adtadied to die tower end of die shaft 44 
and carries the specimen 28 to be imaged. The mamier in whidi die specimen Is 
attached to die magnet will be described later widi reference to Figure 5. The stepper 
motor 42 rotates die shaft 44 wifli a step size of 0.9 degrees, providing up to 400 
imaging positions of die qjedmen. A series of digital images of die elongate specimen 
2S is taken by indejdng die shaft 44 to its successive rotational positions, and thus 
posidoning the specimen in successive rotatkmal positions whilst die specimMi is 
suspended widiin die cuvette 26, the cuvette remaimng stationary. 

By mounting the stepper motor 42 widi its aids of rotation verdcal, die rod-like 
spedmen 28 only needs to be secured at one point, lypically its uppermost end, for 
controlled rotation of die specimen to occur, llie specimen 28 is unmersed in die 
Uquid. supported from above by die magnet 46, by uswg the vertical adjuster 40 to 
lower die platform. This verdcal orientation of the specimen and die rotational axis 
avoids die use of 0-rings or other mechanical arrangements which would be necessary 
to connect the dry motor to flie immersed q>ecimen, and secondly it ensures that die 
specimen is not deflected off its axU of rotation by gravity as die elongate specunen has 
its major asds parallel to the force of gravity. Avoiding distortion effects to the 
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specimen by having a verticany orientatBd specinuai is pardculaiiy iw?»ortairt for 
obtaining accurate 3D images, particularly for larg^ specimens. Use of a generally 
upri^ lionow cuboid as the imaging <*amber 26 around the specinien 28 ensures that 
tiie surfece area of flie imaging liquid is liroited, reducing evaporaiion of the Kquid. In 
addition xnudi larger spedmeos, typically l-2Qaim ia diameter, can be imaged by iising 
sach a fixed chamber wi&om of digital signal quality. 

In use, a digital camera 52 (Figure 2> is attached to the taicioscope 12 and produces a 
digiial unage of the ^ecinuen as ims^ hy the microscope from light diat has travelled 
along the optical axis 29, and been transmiittBd through ihe chamber and specimen. A" 
series of digital image$ are taken of the specimaa from different angles and this digital 
infoimatibn is fed into aa algoriibm which uses a mathematical fonnula to reconstruct 
fte structure of the specimen in three-dimensions. Typically the images are obtained 
usmg the contiol elecaents as set out in Figure 2. Thus a computer 50 carrying digital 
taiage acquisition software is in two-way communication with the digital camera 52 

■= attached to the microscope 12 which receives images from a specimen of interest. The 
ooinirater 50 controls filter wheels 56 attached to the microscope 12 to alter the 
wavelength of radiaiioa tbat is detected. The computer acquisition software is shown 

' diagrammatically in Figure 2 as software 58 to comrol image-capture from fte digital 
camera, a program 54 to conctol Ihe imaging software, the rotary suige and the filter 
wheel software, software 48 to control flie filter wheels and software 64 to convert die 
hnage files into a 30 reconstruction. The computer is also m two-way comnnmication 
with electronic control circuits 60 connected to ihe rotary stage 10 and conlrols the 
circuits 60 to adjust the orientatiDn of the spedmea as required during unage capture of 
successive fanages. Once the digital images have been obtained, they are processed at 
64 to produce a 3D reconstruction 66 of the specnnen ushig mathematical processing, 
in a similar manner to the analysis described in US 5»680,484. 



If required, die conjurer can control the entire imaging process, undertaldng image- 
processing to determine die size of the specimen, its alignment, whether it is in focus 
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etc., and adjusting specimea position before peiforming ths rotational imaging. 
This complete automatioii of the imaging process is particularly desirable for large scsale 
gene expression m^ing projects in which many such devices could be run in patallel. 



The circuitry 60 re^KHisive to the oomputer to control the st^er motor 42 is 
commercially available for most popular Qom^atest systssms. The circuitry 60 connects 
to the computer 50 and is responsive to signals from die computer 30 to oontrol a 
variety of mechanical devices (stqqper motors, solenoids etc)- 



To create a 3D r^resentatibn of the specimen, software peifonns the foUowing 
fimctioaasi (1) detennine liie axis of rotation (through the symmetry which exists 
between each pafr of images which were taken at X80 degrees to each odier), <2) 
teoiganise the stack of hnages into an orthogonal stack of projection images (in whidi 
ims^e represents a single section througih the specimen, viewed from all the differtut 
angles ca?pfiired). (3) perfonn the raadiCTaatical processhig on easb. projection image, to 
recieale that section through the specimen, (4) combine all the calculated section 
hnages Into a 3D format. Reconstructions can be creaisd both from transnntted light 
and from fluoresoently-emitted light. 

Now that the genraal apparatus and its use in data acquisition has been described, 
certahi con5>onieitts of the imaging apparatus will be described in more detail. 

« 

A front view of the rotaxy stage 10 is shown in Figure 3. Tlw tilt adjuster 36 varies the 
angle of tilt of the platform 34 about flie axis 90 which is below the lower end of the 
shaft 44 and is approximately at the height of the specimen so that tilt adjustment d« 
not move die specunen substantially. The axis 90 may intersect the optical axis 29. Tilt 
B4iustmBnt Onustrated by the double-headed arrow 92 m Figure 3) ensures that the 
rotational axis 94 of the stepper motor 42 is accuiately perpendicular to the optical axis 
29. Havmg adjusted the tilt of tiie platform 34. the position of the platform 34 relative 
to the base 24 is adjusted using the vertical adjuster 40 whreh uses a rack and pinion 
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anaDgement to raise and lower the platfoim 34 in the adjusted direcdw of tHe 
rotational axis 94. By using Oie vertical adjuster 40, a specimen carried on the magast 
attached to the end of die shaft 44 can be lowered a required depth into the t t wa g in g 
chamber for imaging and raised out of the chamber oftce imagmg has been peifonocd. 
The vertical position of die specimen during imagmg an also be altered in this way if 
required. In the raised position of ^e shaft, specimens can be loaded into or out of the 
rptaiysQge. 



When die apparatus is setup, it is aligned such that the optical axis of the microscope 
passes through prism, and through the centre of the imagfaig chamber. However, at 
liigh magnification fte aligomeui can need adjusting as the specimen becomes slighdy 
displaced away fiom flie centre of the field-of-view. The laismg/lowejing mechanism 
mentioned above can be adjusted to correct for this misalignment m die vertical 
direction. 



Whilst much unaging of the specimen can be undertaken by haying die rotational a^ds 
aM>roximatdy peipendicular to the optiical axis, 3D reconstrucdon of the spedmen 
using die madiematical processipg will be of very poor quality unless the angle between 
die optical ajds and die rotational axis is exacdy 90'. The tilt adjuster 36 aUows die 
axis of rotation 94 to be tilted slighdy so as to ensure die angle is exactiy 90''. The tilt 
adjuster 36 typically relies upon a screw-dffead mechanism to urge die platform 34 to 
one side. A calibration sample is used to a4just die angle of tilt, widi die calibration 
sample contahimg a number of small particles whose trajectories can be monitored on a 
compmer screen while die shaft rotate. U die axis of rotation is not perffecdy 
perpendicular to the optical axis, die trajectory of die particle appears as an ellipse, see 
Figure 4(a) which shows die view along die optica! axis as die shaffc rotates about die 
axis 94. When die axis is ooirecdy aligned, die particle is seen to move from side to 
side, wldi no vertical component to die motion, see Figure 4(b). 
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atbtaction between a metal disc 110 attacbfd to a specimen 112 and the cylindrical 
ms^gnet 46 pennanentty attached to tibe Icwer end of the xotatable shaft 44 of flie stepper 
motor 42. Each specimen bas a small magxietisable metal disc glued at one end duiiiiig 



imdeTtakea and the spedmen sujjpomd as a result of tibe msgps&o attraction between 
flie disc and the magnet. As tbe disc 110 and specimen il2 are relatively light, the 
magnet doe& not need to be strongly magnetised to support their weiiJit One advantage 
of the magnet system over, for example^ a screw-in system^ is thai the small size of die 
disc and specnn^ nj^cessitaxes.handltxig with forceps or cweezers» Placing the mount or 
^5c 110 onto a magnet is straightforward widi forceps, wliexeas screwing it into an 
attachment is not^ Anodier advantage is that the position of the specimen relative to the 
axis of rotation can be readily adjusted by sUdmg the momit 110 across die magnet 
surfecc 120. Also many q[>ecimens can be pre-prepaicd wfth a disc attached, and then 
quicidy fitted into the device for imaging when required. 



plastic, and where this is the case, tiie specimens are best handled using forceps* The . 
magnetic attachment system is flien of advantage as the specimens need only be held 
imder the magnet to become securely attached. It la equally easy to remove each 
Specimen after imaging. 

To maximise the resolutton of the images, a region of interest 122 in a specimen 112 
must be centred on the axis of rotatioa 94, i.e. not move as the shaft rotates. If the 
region of interest, or the whole specimen, is off-centre and osdllates firom side-to-side 
during a rotational image capture^ then the magnification necessary to loeep it in view 
will be low. This is ilhistrated in Figure 6(a). The two shapes 130, 132 represent the 
specimen 1 12 during rotation, at its most extreme positions to the left and right. When 
the specimen 112 is perfectly centred^ it spins on ite own axis, see Figure 6(b)- Tiiis 
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Adjmtnient of the specimen 112 relative to the axis of rotadou 94 i& siooplified by tbe 
magnetic attachment. By pushing on the disc 110, the centre of the disc can be offs^ 
relative to loe rotational axis 94. In Figure S(a) the legicn of iniejrf^t t22 within the 
specimen 112 is not centred on titie axis of rotadon im rainier is displajced to the I^ft. If 
the motor $haft is rotated through 180°» Ihs region of interest 122 is now visible on the 
right hand side of the axis of rotation^ see Figure S(b}. Because the magnet 46 allows 

the metal mount 110 to slide along it in any direcdon/ withom becoming iinattadied, a 

push from (he side by the lever 16 (indicated by arrow 114 in Figure 5(c) i$ able to 
position the specnnen so that the r^on of interest 122 is centred on the axis of . 
lotadon, see Hgure 5(c). A fiirth^ rotadon of IBO^ shows that now liie whole 
specimen 112 oscillates from side-to-side while cbe region of interest rensins centied, 
see Figure 5(d). Adjustmeot of liie specimen in this way is usually undertaken ^^^lilst 
observing images of the rotating specimen on a comptrter screen. 



The unaguig chamber 26 as shown in Figure 1 will now be described in more detail 
with refisrence to Figure 7, By having .a fixed specuneo dhamber that does not rotate 
with die specnnen during imaging, the chamb^ does not need to be cylindrical to 
maintain a constant optical path during rotation, as for the system described hi US 
5,680,484. A comparison of prior art tube 136 and die chamber used in the present 
invention is shown in Figure 7. Figure 7(a) showing a cross-section through the prior 
art cylindrical cube 136 (whidtt is suspended horizontaUy), and Figure 7(b) showing the 
chamber 26 used in die present embodhnent. The imaging chamber 26 is chosen to be 
generally cuboid and to be square in cross-sectional shape;, and is made &om quartz, 
glass or other suitably transparent material. Each chamber/tube contains a spechnen 
141 badied in liquid 143 with suitable optical properties to allow imaging of the 
specimen, Ilie flat sides 142, 142' 144, 144' of chamber 26 reduce refractive 
distortion of the image and allow larger specimens to be imaged. This is because the 
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muDiaUy parallel walls 142, 142' of titi* square cross-secdon chamber ar« aligned 
pexpen(U«ilar to fee optical axis 29 md prov^ 

reftaction of light occofs than for the circular tube 136. which only has a veiy small 
part of its circuinfeiOT:c at nonHal incidence to the light Thus a good image can be 
formed across a width of more lhan lOmm for the chamber 26, improving Ibe amomit 
of signal received from the sanqjle and reducing distortio 



Figure 7c illustrates a r " ^ification of the sample diamber of Figure 7b. In Figure 7c, 
the sample diamber 26' nas a square internal cnjs»-seciion but one wall 140 is sh^ 
to provide a plano-convex lens to refiract light leaving the chamber. The shaping causes 
a desired te&actiaa. In llie case of Figure 7c a magnifying effect. 



•me lever 16 Shown In Figure I is now described in more detatt wilii reference to 
Figure 8. which shows a plan view along line Vm-Vni of Figure 1. Figure S(a) shows 
the lever 1 6 itt its usual position, pushed away ftom the magnet 46 and metel specimen 
mount liO. If ibe specimen is displaced too far to one side (as iBnslrated) the lever 16 
can be mffved aboiit.pivot 164 so that spigot 166 engages with metal mount 110 to puah 
the specimen ntto the correct position (Figure Sb>, This is done while the specimen 
position is monitoted on the dbn^wter screen. Shice the stepper motor can be carefidly 
controlled through manual switdhes. the specimen tr^ectoty dwring rotation can be 
observed and the motor stopped when the spechnen Is maximally to one side. The 
specunen is then centred using the lever 16, and the process repeated until afignment of 
the specimen relative to die optical axis is complete. The lever 16 is organised so as to 
produce a *geared-down" movement to the specimen, which makes it easier to control 

■ 

Ae adjustmeiit. 

The pivot 164 is attached to the main motor stage. It is fixed to the stage by a aiq)poTt 
which ensures die spigot 166 is at the correct height to contact the metal mount, just 
below die magnet. This way, the spigot 166 remains at the correct height irrespective 
of Hie h^ght chosen to image the specunen. 
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The apparatus described herein is suitable for 3D nucroscqpy and also rotadonal 
iBdcroscppy for aiiy purpose, on biological specimens and ^ecimens from other fields 
such as material science. 

When undertaking 3D microscopy, the refrastive ind^ should be uniform tfaron^out 
the sp^me^i- For biologicai tissue this is easily achieved Igr bad^ng she spednzen in a 
clearing solvent. A specimen can be glued directly onm die iii«al mount, or embedded 
in a block of transparent matrix such as agarose, which is itself adhered to the mount 
Hie clearing solvent flien permeates the blocks as well as fhQ spedmen. BABB (a 
mixtuze of benzyl alcohol 3nd benzyl benzoate) is suitable as a solvent. 

For a specimCTi who» refractive index cannot he made mufonjo, or whidi Is not 
transparent, the technique is still of use, The 3D surface shq>e of objecis whose cross- 
sectLons are all convex (even if the whole 3D shape is not convex) can accurately be 
recreated from its rotating silhoujette. 

These are some appUcations where the raw data of the apparatus is useful. The series 
of images can be converted hito a movie of the rotatmg object (i.e* die specunen). It is 
much easier to grasp the shape of a 3D object when it is viewed rotating than from a 
few static 2D images (many 3D reconstruction projects piresent their results as movira 
of a model rotating)* 



The 2Q3paratus is also suitable for undertakiaDg 3D mapping of gene expression patterns 
(RNA and/or protein disoributlon) in biological tissue, whilst aUowmg the specimen to 
be used for other analysis after ima0ng. Specunen imaging using die apparatus is 
relatively quick, taking around 20 minutes. In contrast preparmg, embedding, 
sectioiung, mounting, staining and digitising real histological sections takes days and 
produces hundreds of digital 2D sections, bat no guaranteed way to align fhem widx 
each other to recreate the original 3D shape. The histological sections t^d to stretch 



??-NDU-20a2 175 10 FROM KEITH U NOSH & CD TO PO NEWPORT FAX P.2B 

• - 

^^^^^^^ ^^^^^^^ 

significaafly» such that evea if all ilie secticms can be fitted onto each other to create a 
3D shape, the final result wffl not accurately reflect Hud shape of the origmal specimen. 
However ttxe results obtained using the apparatus are very similar to the real physical 
shape of tite spedmen, the ooly difference ixom physical sections benig reduced 
resolution. As fte data generated by the apparatus is genuine^ 3D it can be virtually 
res^tioned in any orieutatian, or render^ in 3D. 

A modified construcdon of rotary stage is iUustraied in Figure 9 where parts . 
corte^cmdhig to those of Figure 1 bear the same reference nuinerals. In the rotary 
st^ of Figure 9, three-dimensional adjustment of the position of the steppe motor 42 
is achieved by the use of three secondary stepper motors 150, 152, 154. No tilt 
adjuster for the motor 42 is present. Instead, die prism is capable of being mamially 
adjusted by controlled tilting about a transverse horizontal axis 23. The unportant 
stepper motors are the motors 150 and 154, The motor 152 can be replaced by a 
manual vertical adjuster 40 « 

The secondary stepper motors 150, 152, 154 allow sub-micron accuracy adjustuxent of 
the 3D position of the primary stepper motor 42, along the orientations labelled as y 
and z. These stepper jnotors 150, 152, 154 are controlled by the same computer wbidi 
controls the primary motor 42. This is illustrated in Fi^re 10 where the computer 50 
drives the four motors through motor driving circuits 156. For the purposes of this 
document, the z-axis is consid^^ parallel to the optical axis 29. Movements along 
this axis effectively alter the focus of the system. Movements along the other two axes 
aher which part of the specimen coincides with the centre of the optical axis 29. 

Tiie computer-controlled transladon by the three secondary motors 150, 152, 154 has 
the followmg advantages: 

1) It allows the region of interest (RDJ) of the specimen to be maintamed centrally 
withm the field-of-view of die microscope. This is adiieved m two ways: 
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(a) The ROI is maintained within the d^ib-of-focus of the microscope. 

(b) It Untits fhe ""side-co-side" osdllatoiy mov^uents of the ROI along die 
axis. 

These two advantages allow much higjaar resoiiiilou iuMging as ccirrpared to a 
syst^ which has ikd such mechdmsm. 

2) It is more accurate than the le^er apd 

3} It can be cx>ntroUed conipletely hy the computer (unlike tiie lever and 
spigot syscem)» 90 the ROI can be easily defined "on-screen"" within the 
software. 

4) It allows Ihe compuier to calculate praise 3D coordmates for tibie ROI. 

5) It allpwa different scans within the $ame specimen to be related to each 
other in 3D space. 

6) ThL$ allows the computer to build-up a high resolution scan of a large 
specunen from nniltq>le automatic scans of smaller reg{on3 at higher 
magnificatiion (known as "tiling" or "patehing"). 

Computer controUcd x and z movemrats to maintain the ROI widiin the field-of-view 
are calculated as follows: 



Firsts the software needs to calculate the positions of: 
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(a) The axis of roation of fiie primary stepper motor 42 relatiye to the field- 
of-view. 



(b) The ROI relative to the axis of rot3tion of the primaiy stepper. 

rnese two positions can be calculaied ftom one operatstm. The magnification i& set low 
eoough sucli fiiat during a toll rotaaon me kui siays wiium uio ii«au-wx-»i»w »«. — 
camwa. The sysiem is previously calibrated such Hiat it Is known how many pulses to 
ihe x-stepper motor conespond to a givesa displacement as measured in pixels on the 
coxqputer sraeen* This relationship is ^teannined for each magnification. The 
conq^tear then pi«seat8 Ihe user wiih firar images of the spedmen, rotated to 0» 90,. 180 
and 270 degi^ (as seen in Rgures Ua io 11c). In Figure 11a. each outer rectangle 
represents the imaging window on Ihe cotnqivtBr sraeen and ihe spot represents ihe 
region of interest 122 of the specimen. 

Figure lib shows views along the optical axis (as seen <m the computer screen) for low 
magnification, and Pigure 1 Ic shows plan views along the axis of rotation 94. The user 
then uses tiie computer mouse (w: equivalent) to indicate where the ROI is in eadi image. 

Figure 12 shows how the positioning system can move the stepper motor 42 in both tiie x 
and z dimensions, and can therefbie compensate for the ROI being off-centre. The x and 
z movements of the motor 42 are contcolled hy fte computer to ensure that the ROI 122 
remains in a fixed positioD, rqtatmg around an ^ective aws of rotation. 

4 

In Figures Ua, lib and He: 

%\ = the x-position of the ROI at 0 degrees, converted to stepper motor units. 
X2 = the x-position of the ROI at 1 80 degrees, ccmverted to stBM'eB' motor writs. 
^ = width of the imaging window, converted to stepper motor units. 
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motc« relative to the imaging wmdow (X?). llie average of 21 tod Z2 provides a seccaid 



:-diBplajceme3it 



necessary to centre the axis of rotatioti of the stepper motor within the imagiiig window 
is: 

X-displawrnent (jfid) = - (xl+ ;{^+-^l+Z2y4 
This is illustrated in Figmes 13a and 13h. 

In Figures 13a and 13b, the mictoscope views the specimen. &ow.. fhe bottom of the 
diagram. The edges of die field-of-view therefore appear as two substantiaUy parallel 
lines, which indicate the limits of what can be seen. The optical axis, which is the centre 
of this field-of-view, is shown as a vertical dashed line in Figure 13a. 

Figure 13b shows the specimen at a rotational position of 0 d^^rees (o?*^). From the 
measurements described on the pravions page Oc.1, x2. Zl. Z2) die x and z distances of the 
ROI from the axis of rotation of the primary stepper motor can easily be calculated, xoo 
is the x-di&tance when the rotational position (angle a) is aero (XJio^C xJ - ifiV^')- 
Similarly, Zoo can be calculated from the two measurements tak^ at a=90 degree and 
a=^70 degrees, (a(0=(Zl-Zl)/2). The position of the ROI can then be converted &om 
cartesian coordinates to polar coordinates where i> is the distance of the ROI from the 
stepper motor axis» and 6 is flie angle of that line to the optical axis <or a line parallel to 
it), vrfiena=0 degrees- 



D = square root of (xooVZoo^) « = tan"* (xcto/2iao) 



Now, for any rotational posftion of the primary stepper motor (a) the ROI can be 
positioned on tiie optical axis by movements of the secondary x z stepper motors, in 
which the total displacements (Xt and Zt) are calculated by: 



Xt = xd + Asin(o + 9), and a=£>xos(o + 8) 
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Tb& 3-D sh^ Of the r^on sampled firom one OPT leconsfruction is substant5aUy a 
cylinder with a cinmlar cross-section, whose axis of rotational syametry is the effective 
axis of rotation iised during imaging, and whose diameter and lengdi are desonljed by the 
width and height of the field-of-view. Since we can alternate between cartesian and polar 
coordinates to describe positions within the specimen, and can relate Ihe sizes of pixels to 
real distances -wiasiQ the specimen, we can easily calculate die position and shape of the 
sampled cylinder relative to any oth^ scans made of the same specimen. 

n F% a w«t,.r«ni.iHon imaee is oflicn cottBlmoted by taking Bwny hi^ 



Hill 



. magnification images oi smau regions oi oojw%, ou" . 
. together. This is often Imowd as -mig"' or "patching". The oon^r-ooittrolled XYZ 

stage allows the same approach to be applied to 3-D OPT imagins. 

As described above, the sampled region firom an OPT scan is a cylinder with circular 
cross-section. Figure 14 iUusttates, in plan view looJdng down along the axis 94, how a 
specimen 160 can be imaged in one scan 162 at low-resolution, or alternatively could be 

. imaged by positioning seven high-resolution scans 170 such that every position witbm 
the spedmen is contained wifliin at least one sampled region. Since the individual 

. sanq>le regions have a drcnlar cross-sectkm. one efiScient arrangement for covering a 
large region is to anangc the scans in a hexagonal pattern, with slight overlaps between 
adjacent scans. Diffeiem positions along the y-axis of the specimen can also be sampled 
using the y-axis 5K!£>per motor. 

This tiling process can be completely controlled and perfiwmed by the computer. 



For all specimens whicOx are to be imaged in tbeir entirety widi one scan, calculating the 
position of the optimal sampled region can be done automatically without the need for 
Ihe user to identic the ROI as previously described. Sunple image-processing can find 
the ouflhie or the centte of the specimen within teat images during die alignment 
process, a$ follows: 
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1) Set magnification to low (can done antomadcally using a cotapaisr- 
comroUed microsoope). 

2) Take four images at 0, 90, ISO and 270 degrees rotation. 



3) 



Calculate a histogram of eadi image to deienmne a suitable iSueshcisS 
level to distinguislL the specimen from die background. 



4) Calculate the position of the cemre-of-roass of the specameri in. each 



image. 



5) Use these positions as the ROI measuremOTte as previously described. 



6} Apply ^ displacements dating any subsequent rota 



klilt 



7) IiK^ase magnification. 



8) 



Take four rotated images ax)d detemiine whether magnifipation is too 
high (i*<5* if edges of specimen ate outside of the field-of-view). 



9) If spcdmen still within iieldrof-view go back to step 4. 

10) If edges of specimen are outside field-of-view reduce magmfication to 
previous value* 



i 1) Scan specimen. 



A oollunated iUmnination msans, which may be used in the rotaty stage of Figure 
Figure 9, is illustrated in Figures 15 and 16. 



27-bDU-20a2 17! 11 F=RDM KEITH U NfiSH & CO TO PD NEUPOFJT FHX P.34 



^ 31 





A laser or oflier light source 172 is used in coiaunction with a focussing means (eiaer 
tefraciive leases 174 or tcflective miirois) to generate a beam of light 176 in which all 
light rays are substantiaily paraUel to *e optical axis. Figure 15 iUustiatBs this device 
in relation to the remaimier of the .rotary stage which, in tihis exan?»Ie, has two st^jper 
motore 150, 154 fer con^uier-ooniroUeiS adttsstasent in fhs x and z diiections 
rej^jec^vely. Vertical adjushnOTt is effected maimal^y by veiticai adjuster 40. T 
22 is c^ble of tilt adjustment about axis 23. 

As a result of experiments it is clear tot illuimnating Hght whii* enters the specimen 
non-paralJfil to the optical axis introduces noise into tfie results. A colUmated light 
source. vs*ieiB. afl illmninating light rays are parallel to Ae optical axis, reduces this 
problem and therefore increases the quality of imaging. 

Referring to Figure 17, a wavelength filter 178 is placed at some position between the 
light source 180 and the specimen 28. This may eidier consist of a series of different 
filters, each permittiHig the transmission of different range of wavelengflis, which may 
be manually or autotnaucally posidoned in the lighQ)afli. Or it may be an 
electronically-tenable filter. 

Alternatively, two electronicaUy-iunable liquid crystal filters may be used for 
fluoiescent hnaglng to restrict ihe wavelengths of boih. the . ilhmaination Ught and the 
detected Hghi, fliis possibiliiy being iUustrated by the second electrically-controUed 
filter 182 placed in ftont of a 2D array of light detectors 184» 

A given chemical will absorb differ^it wavelengths with varying degrees of efficiency. 
These differences can be rcpres«tted as a spojtrum (whic* describes die absorption for 
a large range of wavdengdis). Most specimens consist of varying spatial distributions 
of differaot chemicals, and consequenfbf difiBerent specimens are optimally imaged 



1 
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using different waveleogflis (or combinaticnis of wavelengihs). The descrOjed filler 
system aUows titie user to alter wWdU wdvelengtbs are used to image a given specimen. 

Similarly, fluoresceni: diemicals possess one spectrum vi^di describes the eificienq? of 
diffet^t wavelengths to ^te than, and a second spectrum which desraibes the 
abundance of different wavelengihs ©BWtssd oa fluorescence. The use of two 
eleciromcaliy-controned filters produces (at least) a 2.D parameier space for the 
possible combinations of excitation and emission. Such a system aflows the eqrfoiation 
of opthnal combinatioiis to distinguish between different chemicals. This allows ttw 3- 
D lustology of Ino-medical samples xo be imaged widiout the need for specific stains. 

It will fae appredaied mt a rotary stage according fo the invention need not inctode a 
prism 22, and nor need the rotary stage be used with a standaid vwtical micioscope. 
Figure 18 illustrates a modiilcation of the arrajigemaoi of Figure 15. In Figure 18 
(where parts corresponding to those of Figure 15 bear the same reference numerals), 
the light emanating fixsm die chamber 26 enters microscope optics and a digital camera, 
giving a short w<Mldng distance betwrai the aucroscope objective 30 and die specimen. 

The specimen may be positioned by fl»e use of a translatton stage carried by the shaft 
44. The translation stage has manual or compuBw-controDed adjustment in the x and z 
directions. 



Rfifetiing to Figure 19, the apparatus oonqMrises a light source 201 (in the form of a 
laser) which supplies light » a two-dimensional light scamiing means 202, the scanning 
medianism of wlu<ai has a dual mirror system. Light wifla a scannuig motion is fed 
through image-forming optics 203. A dichioic inktor 204 mieaposed between the light 
source 201 and the scamiing means 202 directs returned light to a high speed light 
detector 205. The components 201 to 205 njay be provided by a confocal light- 
scanning niicroscope. 
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Light fsom the optics 203 passes through a specmieai zuo wmcu is rqiaiea wiuim. uuu 
suiqjoned by. a rotary stage 207 which Sn structure conresponds to the lotaiy stage 
disclosed in the applicant's c<H>eridhig LrtEmational Patent Application No, 
PCT/GB02/02373. The rotary stage 207 rotates ttw specimen 206 to successive 
indexed positions at each of which one completB scan of the excitation light is 
undertaken. AJfter passing tfaion^ the specimen 206, fee light is processed by an 
optical system 208 which dhects the light to a on&4hnensionfli or two-dfaneflsionai 
array of high speed U^t d^ectors 209. . 



In fluorescence mode, light &om Oie spedmen 206 is ictamed flmmgh the optics 203 
and the scanning mesns 202 and thence, via the mirror 204, to the high speed light 
deceoor 205. In this method of fluorescence imaging, the excitation light enters one 
side of the specimen and leaves the spedmen from the same side thereof before brang 
detected. It is m the transmission mode, to be described, that the components shown to 
the right of die st^ 207 in Figure 19 axe used. 



The microscope optics 203 may have a high nmnencal aperraie trigure ^ iu«, u« 
adapted to have a low numa^cal aperraie (Figure 20b) which is useM for some 
IS to be hnaged. 



Figure 21 iUustrates a known image-foraung syst^. lUe light from any point on the 
focal plane 212 {within die qjechnen) is collected and refracted by a lens 213 towards a 
shiglep<»nt in the im^ plane 214. There exists a symmetry snch that any point on the 
image plane 214 maps to a point in the focal plane 212 and vice versa. 

By contrast^ Hie need for an inkige-pming optical arrangement is removed in die 
^non-focal" optics of Figures 22 and 23 whicsh dii?>lays no such symmetiy. The non- 
focal optical system 208 is represented by a convex lens 215. The light from a shigle 
point on the focal plane 212 is not focussed onto a single Ught detector. It is diverged 
such that only the light which contmues to travel straighi through fee specioaen 206 
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along fhe optical axis of the apparatus (i.e. the light 216 which is not sratteied) readies 
single light di^tor 209a positioxued on the optical axis. The purpose of die lens 
215 in this case is very difierent fiwn Figure 2L It can only flmction in a light- 
scanning simation. The narrow light beam is scanned (e.g. in a raster pattern) across 
the specimen through a multitude of different positions (five of which are illustrated as 
the black arrQw;s in Figure 23) » The purpose of the non-focal optical system 208 (L.e. 
the lens 21S) is to direct only unscattered and nnreiracted li^ onto the single light 
detector 209a» irrespective of the scanning position of the light beam. In specimens 
. which cause significant scattering of light die system allows a higher signal-to-noise 
ratio to be obtained by limiting detection of scattering light Alternatively^ die 
specimens with low scattermg but a non-uniform distribution of refractive mdex die 
system allows tins non-nniform distribution to be calculated by measuiic^ the degree of 
lefirdction experienced by each pFojection. 

Figures 24a to 24d illustrate some representative light paths for rays (derived from a 
narrow laser beam) emitted from the specimen 206 while passing through the non-focal 
optical system. 

Ih Figure 24a rays scattered fiom a point in the centre of the specimen 206 are diverged 
away ficom the light detector 209a« The proportion of scattered rays which are d^ected 

can be adjusted by changing the effective size of the detector. An adjustable iris allows 

> 

this control (which is very similar to the pin-hole in a scanning confocal microscope). 
Alternatively, the position of the lens can be adjusted to cause more or less divergence 
of the scattered rays* In optical image-forming systemsi an airy disc is the interferaace 
pattern produced by the light emitted l&om a single point within the specimben. Optical 
systems which produce larger airy discs have lower resolving power^ as airy discs from 
neighbouring points within the specimen will overlap. The concept of die airy disc is 
not strictly relevant to a project-measuring systsm like this, however a similar concept 
does exist, in the case of the non-focal optics described here, light from each 
proj^tion creates a very broad distribution of intensities (at the position of the detector) 
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similar to a brwul aiiy disc, vbidi mi^t suggKt low restrtving power. However, as 
only a sit^le pxojecdon is meascraJ at any one time even very broad distributions 
camiot interfere with each odier. 

In Hgare 24b rays scattered from other points along Hie sam© liae sampled in Figure 
24a. are also diverged away from fiie light detector 2G9a« 

In Figare 24c unscattseied light from a different scamied position (black arrow) is 
^cnined from flie specima 206 substantially parallel to llie optical axis, and is therefore 
refracted towards the light detector 209a. As in Figures 24a and 24b, scattered light is 
directed away from the detector 209a. 



In Figure 24d nn^cattered rays from any scanned position are directed onto the light 
dececior 209a. The arrows represent successive posidons of the laser beam as it is 
scanned aoross the spedmen 206 in a dhrecdon perpendicular to the optical axis. 



All experiments dpne so far with optical projection tomography have had to assume that 
although some of the light is scattered, the refractive index of the spechnen is miifbrm, 
1 Recent exp«imeiils have demonstrated that a nmnber of unportant spedmens (including 
medical imaging of biopsies) display nonruniform. refractive, indexes- This means that 
the current algorithms are not accnrstely imaging the spechnen - distortions and 
artefects are intixxhiced. Hie j^iparatns described reducw this inrobiem by measurmg 
hifoimation not previously available - i.e. die angle at which a light beam exits from 
the specimen. 

Jh the u» of the present apparatus a dearing agent (sudi as BABB) is used such that flie 
majority of the light is not scatter^. It is however subject k> a difiFerent form of 

m 

disn^tioa - refraction. In Figure 25, scattered light is indicated by brolcen lines, while 
the main patb of light is shown in solid lem. In die first cxanq>le of Figure 25a diis 
path is not bent as it passes through ibe specimen 206 <it is only refiacted on passing 
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througjii file lens). The m^in path does pass through a regioa of Oit specimen with a 
highsr xeixactive judex than the rest (grey disc), however both the interface ic 
encouncers between tegions of differing refiactive index are perpendicular to the light 
path^ so no re&action occurs. 



In die second case of Figure 25b> die iiiumination beam is slij^uy higher aiid therefore 
the interface^ it encounters between (he grey region and the white region of die 
Specimen {diSG^i re&acdve indexes) are sli^y displaced from peipeadicular. This 
cau^ two slight refractions of the mahx psi&i such diat when the light emerges from the 
spechnCT it is no laager parallel to the opdcal axis and is directed slightly to the side of 
die original central light detecK)r 209a. If auxiliary 11^ detectors 209b are positioned 
On eithi^ side of Ihe central detector 209a, tfiese can measure the degree of refraction. 
Any projection will give a certain distribution of intensities along the array of light 
detectors,, with tiie strongest valura closer to the centre of the distributLOn. The system 
need only determine where the ct^ntr^ of this distribution is (uusualty the strongest 
intensity) to measure the angle at whidb die main light path emerged from the 
specimen. In the last case of Figure 25c, a different scanned position has caused 
greater refraction of die beam, which is reflected in a further shift along die array of 

detectors. 

In Figure 26, an oblong region of the spechnen 206 has a higher refractive ind&K (grey 
shape) dm the rest. Rays passing around the spechnen are not refiiacted and so ate 
direcfeed to the c^tral light detector 209a. Rays passing Through the middle of the 
spedraen (middle two rays in Figure 26) are refracted twice. The two interfttces which 
the light passes through (white-to-grey and then grey-io*whi£e) are parallel with each 
other, and the light rays therefore exit the specimen at the same angle that ihey entered 
it. These rays are also directed onto the central detector 209ay as if they had not been 
refracted. Rays passing through other parts of the grey region are also refracftsd twice 
but not passing through parallel interfaces, so these rays are detected by the adjacent 
light detectors 209b. 
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The feet that some rays wUl be reftacced and stm exit the- spedmen 206 in fte same 
orientation (alUiougii a different posidoa) is not a ptobkm. The example of Figure 26 
diows only one of file many sets of projections taken flu^ FuUimaging 
involves capwring sachi a data set for hnodieds of orientations through the section, and 
tiw combination of aU this data aUows a fiill reconstruction of the distribution. 

Figures 27 to 30 show three-dimensional views of die apparatus. In Figure 27, aU nn- 
reftacted (and unscattered) rays through a two-dimensional section of the specimen are 
focused onto tlie central light detector of the array. Hie specimen 206 is rotated about 
a vertical axis between indexed positions in each of which a complete scan is 
undertaken. 

Figure 28 shows the path of scattered or refracted Ught onto auxiliary light detectors. 

Figure 29 iUustcates tfwt |he lens (or optical system) allows the one-dimensional array 
of detectors 209 to capture data ftom a fuU two-dunensional raster-scan of ihe 
specimen, A row of scanned positions is always directed down or up to the row of 
detectors, irre^ective of tte vertical hdght of die scan. 

A two-dimensional array of light detectors 209 may be used instead of a one- 
H;^.>nftirtTn>l array, as shown in Figure 30. This would be able to measure lig^it whiidi 
is scattered above or bdow the plane occupied by ihe Ugbt rays shown in Figure 30. 
The data derived from the detector array 209 optics is interpreted by an algoriflun. 

Many different algorithmic approaches already exist for perftnming back-projecdon 
calculations. One approach is to use a standard linear filtered badc-projection 
algoridmi (as m US Patent 3680484). Other approaches include iterative, maximum 
eotsopy and alg^waic reconstruction technkjue. (R. Gordon et al,*' "Thiee-Dhnensional 
Reconstruction fcwm Projections: A Review of Algoriduns" . 
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The algoridim woiks as follows; 

L The data is used as if it were parallel (or fan-beam) data to perfbna back- 
projection. This produces a ""fuzzy" estimation of the distribntion of absorption or 
fluorescent characteristics of the q)eciinea. 

2« A first approximation of the distribution of retractive index is estimated. This can 
be done in a number of ways. One nsefUl niethod is to assume that the absorption 
or fluorescent disnrlbuflon wffl reflect the distribution of reftacilve index. Within 
each section a 2-D gradient vector is calculated for each voxeL An aifiemadve is to 
start with a uniform or a random distdbaticn. 

3. The estimated refraction distribution is used to perform a forward-projection, i«e« a 
prediction of what the projection data should look like if the initial estimate of the 
refraction distribution was correct. 

4. The predicted projections and die actual projections are compared. 

5. The esthnated re&action distribution is modified. The projections witii a greater 
difference betwera predicted and actual, piiH>oint which regions of the distribution 
need more modification^ For example, in the case of the grey shape shown in Figure 
26, projections firom the curved ends, of the oblong will differ greatiy from the 
predictions due to the large amount of refraction. Voxels in the regions therefore have 
then: predicted refraoion indexes changed more than odier regions. 

6. The loop from 3 to 6 is repeated until no fruther improvements to the predicted 
projections can be made. 
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In Figure 3U a^aratus comprises a fixed stiuctare 301 having a cylindrical outer 
casing 302 in the tt^ of wtiich is positionjed an anmilar txou^ 303 which is open at the 
(pp. Mounted in the fixed strocture is a moveable strucmre 304 having a central hub or 
spindle 305 On top Of v^ch is moiinted a disc-like lid 306 the underside of which 
carries a member of anguJariy spaced and downwardly depending cylindrical magnets 
307. Ttie hub or spindle 305 is rotatably mounted in the fixed structure for rotation of 
the moveable structure about a c^itral vertical axis indicaCed at 308 in Figure 34. Also, 
^ hub or ^ndle 305 is capable of vertical translational mov^nent with respect to the 
fixed stmctore 301 along the vertical axis 308. 

Within die casiog 302 are located motors and gearing for driving the ^nictore 304 both 
in rotation and translational movement, as mdicated at 309 in Figure 34. The trough 
303 is capable of being filled with liquids, and the strucmre 301 includes containers for 
holding diese liquids and pumps for filling and emptyii^ the trough, as indicated at 310 
in Figure 34. 

The magnets 307 are used to hold, in a detachable manner^ tissue specimens 312 each 
of which has been prepared with a metal mount 313 at one end of the specimien. This 

m 

allows each metal 313 mount to depend from one of the magnets 307, with the 
Specimen 312 dependiug downwardly &om the mount 313. Whem the apparatus is in 
the op» condition (Figure 31)> the magnets 307 are raised clear of the top of the trough 
303 so that the specimens 312 can be attached to or removed from &e magn^ 307. 
When (he apparatus is in the closed position (Figure 32), the lid 306 ragages the top of 
the casing 302 and the specimens 312 are immersed in a liquid 314 in the trough 303. 

The robotic arm 315 shown in Figures 36 and 37 is used to load untreated specimens 
into ihe apparatus and also to transfer treated specimens from the apparatus to the 
rotaiy stage 316 of an OPT scanner where the specimens are imaged. 




In use, dze robotk arm 315 is used to load specixnteas into die apparatus, each spedmen 
bdng acEddied to the lower aid qf a corresponding magnet 307 by virtue of the 
magn^ attraction between the magnet 3C7 and be metal mount 313 at one end of the 
specimen 312, the moveable s(ructLire 304 being m the open position and being indexed 
in a rotational sease as the ^ecimens are loaded. When loaded with spechn^is, die 
moveable stmctore is njoved to its lowers or closed position, thereby inmsersing die 
specimens 312 in me liquid 314 which has been puxnped into the trough 303. m fiiis 
Closed positi(m» die lid 306 engages die upper rim of the outer casing 302 so that the 
liquid 314 is dosed to the air» thereby allowing the use of a volatile liquid, unlike 
knowo apparatus which uses conveyor belts for transferring specimens through a liquid. 

If it is required to treat die specimens by a succ^sion of liquids, the first liquid is 
djtamed from die trough 303 and a second liquid pumped thereinio, without the zieed for 
die trough 303 to be opened to the air. Mozeover, fhe attachment of due metal mounts 
313 to the magx^ets 307 jet«iins the specimens 312 in their hanging positions so that the 
spechnens do not esigage the bottom of the trough 303, which could damage them. 

Any number of treatment stages can be carried out in Ms manner, fhe liquid bemg 
changed widiout the need to move the ^qpedmens and eniploying only a small volume of 
each treatment liquid. 

After treatment of the specimens 312, the moveable structure 304 is raised to its upper 
position and die treated specimens 312 are then transferred to die rotary stage 316 by 
means of the robotic arm 315, die structure 304 bdng lotatioually indexed to enable the 
robotic aim 315 to unload each specimen 312 in turn and to transfer the treated 
Specimen 305 to the rotary stage 316. 

Examples of liquids for treating the specimens are fixatives {such as paraformaldehyde 
or formalin), alcohols (in particular methanol and eflmnol) and organic solvents for 
dearmg the specimens (in particular benzyl alcohol and benzyl benzoate). 
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Hie apparatus and m^ods can be used in various analyses and pnKedures, as set out 

ft 

below: 

Analysis of the structure of biological tissues. 

Analysis of die function of biological tissues. 

Analysis of the shapes of biological tissues* 

Analysis of the ^tributioii of cell lypes within biological tissues. 

Analysis of the distribution of gene scAyity withm biological tissues, 

including tte distribution of: 

- RNA transcripts 
~ proteins 

. ' Analysis of the disttibution of transgenic gene activity within biological tissues. 
Analysis of the distrB>ution of cell activities within biological tissues, 
including: 

- Cell cycle status including arrest 

- Cen deatli 

- Cell proliferation 

- Cell migration 

Analysis of the distribution of physiological states within biological tissues. 
Analysis of the results of inununohistochemistry staining tedtmi4ues. 
Analysis of the results of in-situ hybridisation stauiing techniques. 
Analysis of the distribution of niolecular markers withm biological tissues, 
including any coloured or light-absorbing substances, 
such as: 

5,5'-dibromo-4.,4'-didWloro-indigo (or other halogenated indigo compounds) 
formazan 

or Other coloured precipitates generated ffarough the catalytic activity of enzymes 
including; b-galactosidase, alkaline phosphatase or other coloured precipitates 
formed upon catalytic conversion of staining substrates, 
includmg: Fast Red, Vector Red 
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And inctuding any light-emitting substances, 

Hi^fore including any fbioresceni substances, 

sue* as: Alexa dyes, FTTC, rhodamine. 

And iiu:ludii]s any luminesce substances, 

sudi as green fluorescent pixTtein (GFP) or similar 'proteins, 

And inchiding any phospboresceat substances. 

Analysis of tissues from all plant species. 
Analysis of any tissue for agricultural xesearchy 
including: 

basic researdi into all a^>ects of plant biology (genetics^ d^elopment, 
physiology, pathology etc.) 

analysis of tissues which have been genetically altec^. 

Analysis of tissues from all ^nifnai species, 
including: 
invertebraDes 
nematode worms 
vert^rates 
all types of fish 

(including teleosis, such as zebrafish, and chondrycthes includmg Sharks) 

amphibians (including the ^nus Xenopus and axolotls) 

reptiles 

birds (including chickens and quails) 

« * 

all xaammals (including all rodents, dogs, cats and aU primates, including 
human) 

Analysis of embxyonic tissues for aay purpose, 
including: 

research into any stem cell papulation 
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leseardi into developmeolal biology 

reseaicb into the causes of abiiormal embryo development, mcludiDg human 
syndromes 

autopsies of hiunaix termiimted pregndncles (both spontaneous and induced 
termiTiflrions) 

Analysis of any tissues for the purpose of genomics research, 
including: 

the analysis of transgenic, knock-in, knock-down or knock-out organisms 

the analysis or discovery of the expression (or activicy) of genes inctading tibeir 

spatial distribution, and their levels of expression 

the analysis of discovery of abnormalities in the structure or morphology of 
tissues » as a result of interference due to wilfiiL oqperimentation (such as genetic 
or physical modifiicationjs including a chemical or biochemical genomics 
approach), 

and/or spontaneous abnormalities (such as naturally-occurring mutations) 



Analysis of any tissue for the purpose of neurobiology research, 
includitig: 

the analysis of the morphology of tierves 

the analysis of the pathways and connectivi^ of nerves 

iSbd analysis of parts of» or whole, animal brains 



Analysis of any tissue for pharmaceutical research, 

including: 

the analysis of pharmaceutical substances (such as drugs, molecules, proteins, 
antibodies), 

inducing Ihehr spatial distribution within the tissue, and their concentrations 

the analysis or discovery of abnormalities in the structure or morphology of 

tissues* 
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Analysis of tissues for inedical r^eaidi, 
inclading: 

reseaidi into flie genetics^ development, physiology, structure and functioii of 
animal tissues 

analysis of diseased tissue to furdier our und^standiDg of ail types of diseases 
including: 
cong^iital diseases 
requited diseases 

including: 

infectious 

neoplastic 

vascular 

inflammatory 

traumatic 

metabcdic 

endocrine 

degenerative 
drug-related 
iatrogenic; or 
idiopathic (fiseases 

Analysis of tissues for medical diagnosis^ treatment or monitoring, 
including: 

the dis^osis of cancer patients 
including; 

searching for caticerous cells and tissues within biopsies 
searching for abnormal strucmre or mo]:phology of tissues wifhm 
biopsies 

the analysis Of all biopsies 
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inctudicg die analysis of: 

polyps 
liver biopsies 
kidney biopsies 
t3£OStaie biopsies 



muscie Diopsies 



braia tissue 

ihe analysis of tissue removed in tine process of exiracting a tumour from a 

padent 

isclxiding: 

determiiiiog whetber all the mmour bas been removed 
detennining flie type of tnmoor, and the type of cancen 

It will be appreciated that modificatiDii may be made to the mvendon without d^artirig 
from fhfi scope of fhe iuvention. 
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Fig. 7(c) 
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Fig. 13(a) 
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